I. INTRODUCTION
Most of the alternative energy sources produce energy either directly or indirectly in dc form. The dc electric energy is usually converted into ac electric energy through a power electronic inverter. The resulting ac electric energy has to be compatible with the energy within the ac utility system at the point where the inverter is connected to the utility system [1] [2] [3] [4] . It is desired to have a stable utility grid without additional harmonics at the point of common coupling (PCC). Fig.1 shows typical distributed generator (DG) interfaced to the loads and the utility grid at PCC. In most cases, either the nonlinear loads or the distributed energy sources (DES) inject higher order harmonic currents that distort the grid at the PCC as well as at the downstream in the distribution system. There has been research in reducing the effect of nonlinear loads using active filters [5] [6] . Active filters are standalone devices injecting higher order currents to cancel the effects of nonlinear loads. If there is no harmonic current being injected into the grid due to nonlinear load and source effects at the point where the active filters are connected then the active filters that operate based on harmonic current measurement would not be able to reduce the voltage harmonics.
In order to compensate for the grid voltage harmonics using a current controlled voltage source converter, the commanded currents should be modified accordingly. In [7] [8] , the grid impedance is estimated before injecting the harmonic current for harmonic voltage reduction. In [9] [10] [11] , adaptive harmonic gain Kv is calculated as proportional to the difference between the harmonic voltages and the desired THD. The compensating current is then calculated using the gain and the harmonic voltage. In [12] , a new voltage control method has been developed to compensate the harmonics in the voltage at the PCC through estimating the grid impedance. In this research, we propose the measurement of voltage harmonics of the utility grid and correcting it through the DES inverters. DES inverters by nature are capable of injecting higher order harmonics as commanded. If we can augment the DES inverter controllers to inject higher order harmonic currents as well injecting real and reactive power at the fundamental frequency we would be able to correct the polluted local grid voltage.
On-line measurement of voltage harmonics is the key in developing control algorithm to cancel them. Digital realization, solution accuracy, and computational efficiency play a major factor in using an algorithm for measuring harmonics [10] [11] [12] [13] . An estimation algorithm has been developed in the stationary reference frame and converted into the rotating (dq) reference frame. RLSE algorithm is adapted as the utility grid voltage harmonics estimator. Developing the control in dq reference frame has the advantage of designing closed loop controller independent of utility phase. Section II provides the proposed control algorithm. Simulation results are presented in Section III. Section IV provides an experimental setup and results. Summary and conclusions are presented in Section V.
II. CONTROL ALGORITHM
Grid connected utility interactive inverter can inject current into the utility grid. The distorted weak grid contains voltage harmonics because of the nonlinear loads or energy sources connected to the grid. Injecting proper current into the weak utility grid can reduce the voltage harmonics. The proposed control algorithm is based on estimating grid harmonics and feeding it to the closed loop controller to come up with a reference voltage to reduce the grid harmonics. The harmonic voltage to be injected into the grid is summed to the fundamental reference voltage to be implemented by the PWM controller. The proposed algorithm is shown in Fig. 2 .
The developed algorithm controls the active and reactive power injected to utility grid. If the utility grid has harmonics above the IEEE nominal standard values, then voltage harmonic controller takes an action to reduce the harmonics.
A. Grid Synchronization
In the GC mode, estimating the phase of the UG is essential in processing the right amount of power. The phase lock loop (PLL) grid synchronization technique is the preferred method for the task [14] [15] [16] . The single phase PLL algorithm is shown in Fig. 3 . The grid voltage is shifted by 90 degree and converted into dq axes voltage based on the estimated phase. when the q axis voltage is zero. Based on the estimated phase, the utility current can be converted into the dq domain in the same way the utility voltage is converted; the regulation in dq domain is easier and has better dynamic response. The dq axes currents dictate the real and reactive power flow through the transmission line [17] [18] [19] . The dq axes currents are controlled in their domain through PI controllers and converted into the reference phase voltages with appropriate duty ratios. The cross coupling and feed forward terms help linearze the system and ease the control design.
B. Measurement of the harmonics
RLSE technique has been adapted to estimate the harmonics of the utility grid voltage. This method is an iterative method, which updates estimated model of the system for every sample interval. The error between the estimated output and the actual measured state would correct the estimated parameters iteratively. RLSE algorithm would eventually reduce the error to zero by reducing the error in the parameter estimation. Fig. 4 shows RLSE block diagram. . sin
The model based on the past information available in 1 is used to obtain an estimate of current output. This updated output is compared with the measured value to compute the error . The RLSE algorithm updates 1 using the calculated error . Unlike other methods, it doesn't store the entire values of computations; it simply stores the previous data and computes the new estimates 1 by using measured current sample data.
C. Harmonic elimination controller
A current controller with harmonic compensator in the synchronous reference frame is shown in Fig. 5 . The reference frame is synchronized with grid voltage angular frequency using PLL. The controller objective is to transfer is then compared with a set reference value using PI controller to do the harmonic compensation. 
The transfer functions of the closed loop system are rewritten in the general form of the second order system as ζ is the relative damping factor and is the system natural frequency. The magnitude of the ζ and characterize the system controller performance. The desired character of the harmonic generator response is achieved by adjusting the parameters of the PI controller [22] . The harmonic generator in Fig. 5 is given in more details in Fig. 6 . A transformation of the voltage harmonic component in the rotating αβ frame (i.e. the output of the RMS harmonic extractor) to a dq -harmonic frame is performed in order to obtain the harmonics component amplitude. The resulting voltage harmonic amplitude is then compared with a commanded , to feed the PI controller. Fig. 7 shows the nth harmonic control algorithm. Here the measured nth harmonic is converted into the dq-reference frame. In converting the nth harmonic to the dq frame, the delay between and should be 2 ⁄ . The and are controlled using designed PI controllers based on a given reference harmonic limits and . Output of the PI controllers and are converted back to Fig. 7 . Harmonic control algorithm.
II. SIMULATION RESULTS
The operation of the 5 kW bidirectional single phase inverter is simulated using numerical simulation software. The developed harmonic control algorithm is implemented in Simulink/Matlab. Connection of utility interactive inverter to single phase utility grid is accomplished through grid synchronization using Phase Locked Loop (PLL). Once the grid is synchronized, the utility interactive inverter is tested for active/reactive power injection and battery charging. Harmonic control of utility grid voltage is done in dq axes and the measurement of harmonics is achieved through RLSE technique. Fig. 8 shows the FFT analysis of the grid voltage to emulate the weak utility grid used in the simulations. The magnitude of the 3 rd harmonics is 3.87%, and the 5 th harmonics is 2.37% compared to the fundamental. 13 . FFT analysis at the PCC point after harmonic control. Fig. 11 shows the grid voltage harmonic control with no fundamental current injection. The values of the PI controller gains are taken as kp = 15 and ki = 10 in the harmonic compensation block. Before the harmonic compensation, the voltage at PCC point has higher order harmonics. Among the harmonics, the 3 rd and 5 th components has the dominant effect After finding the proper magnitude and the phase of the harmonic using RLSE and compensating through controller, the THD of the voltage waveform is observed to have been reduced significantly. Fig. 12 shows the grid voltage harmonic control with fundamental current injection. Before the harmonic control the voltage at PCC has some higher order harmonics as shown in this figure. After the harmonic controller implementation, the grid harmonics is reduced. Fig. 13 shows the FFT analysis of the voltage at the PCC point after the harmonic compensation. After harmonic control the magnitude of the 3 rd harmonic is reduced to 1.2% of the fundamental and the magnitude of the 5 th harmonic is reduced to 1% of the fundamental. The harmonic control technique improves the THD at the PCC.
IV. EXPERIMENTAL RESULTS
An experimental setup was developed using a 5 kW prototype grid connected inverter. The proposed algorithm has been programmed using ADSP BF506 digital signal processor from Analog Devices. For the laboratory tests, 60 Hz, 120 V (rms) is used. The DC/AC inverter operating at 20 kHz has 280V DC bus and a 1.5 mH filter inductor. Fig. 16 shows the FFT analysis of the voltage at PCC before and after harmonic control. Before harmonic control, the THD of the voltage is 5.68%. Fig 16(b) shows the performance of the harmonic controller with only 3 rd harmonic controller is active. Fig 16(c) shows the performance of the harmonic controller with both 3 rd and 5 th harmonic controllers active. The harmonic controller is able to reduce the THD to 1.94 % to comply with the standards [23] . harmonic control, the harmonics in the grid is observed to have been reduced. 
